Infrastructure organisations own, operate and manage infrastructure systems to provide uninterrupted services to various communities. To manage infrastructure systems (composed of a set of interrelated and interconnected tangible capital assets (TCAs)), infrastructure organisations use a range of computer and paper-based information systems.
Introduction
Municipal infrastructure organisations own, operate and manage diversified infrastructure systems -the elements of which are called the tangible capital assets (TCAs) -to provide basic utility services. Infrastructure organisations use computer or paper-based information systems to manage these infrastructure systems. Information systems generate data that are exchanged within different departments of an organisation or within different infrastructure agencies. Currently, these data exchanges or communications (referred to as a transaction) are manual and frequently performed on an ad hoc basis. Infrastructure organisations find it difficult to exchange and interpret data automatically for the following three reasons (Felio, 2012) : heterogeneity of the TCA data (different organisations maintain and manage their TCA data in different formats), lack of consistency in class description (inconsistent definitions of different classes of TCAs in various organisations) and lack of aggregation (the component-level aggregation of the TCA data). The growing trend is to formalise these transactions and transform the current practice of manual data exchange to a more formalised computer-to-computer data exchange.
To identify transactions that have the greatest potential for information technology (IT) improvement, a survey was conducted as part of this research work. According to the results of this survey , asset inventory and condition assessment reporting/TCA reporting (AI&CAR/TCA reporting) was ranked the first to be formalised for IT improvement due to new regulatory the requirements imposed by the government. In this communication process, municipalities exchange the TCA inventory, condition and cost data with the provincial government for financial planning and budget planning. According to PSAB (2009) , the TCAs are 'non-financial assets having physical substance that are acquired, constructed, or developed and: are held for use in the production or supply of goods and services; have useful lives extending beyond an accounting period; are intended to be used on a continuing basis, and are not intended for sale in the ordinary course of operations.' Currently, the AI&CAR/TCA reporting process is having all of the above-mentioned issues in addition to being manual and performed on an ad hoc basis. As part of this research work, this transaction was formalised (i.e. formal specifications were developed for the process of information or data exchange and the message templates that are exchanged between the parties in each single communication) and implemented in a prototype asset information integrator system (AIIS). This system collects, compiles and interprets the asset inventory and condition assessment reports sent from various municipalities to the provincial government.
For computers to talk to each other, the message templates need to be defined in a computer-interpretable format (neutral data 1 2
format -the ontology). Therefore, the design of the message templates for the AI&CAR/TCA reporting was based on two ontologies: transaction domain ontology (Trans_Dom_Onto) and tangible capital asset ontology (TCA_Onto), which is the main focus of this paper. The ontological solution for transaction and message template formalism was proposed to address all the issues related to data heterogeneity, lack of consistency in the class definition and lack of component-level aggregation of the TCAs. According to Gruber (1995) , an ontology is an 'explicit formal specification of the terms in the domain and the relations among them.'
The formalised message templates for the AI&CAR/TCA reporting represent two types of information: header information and payload information. The header information represents the envelop or meta-information (e.g. date, address, etc.) about the message and transaction. The payload information is the actual information that is required to be exchanged between the sender and receiver roles to accomplish a transaction successfully. For the design of message templates for the AI&CAR/TCA reporting, the header information was captured from the Trans_Dom_Onto , whereas the payload information was captured from the TCA_Onto.
This paper presents the development, application and evaluation of the TCA_Onto in the domain of infrastructure management that is an extension of the infrastructure product ontology (Osman, 2007) . The TCA_Onto formally defined the TCAs in the facility and four infrastructure sectors (transportation, water, wastewater and solid waste management) based on the concept of modality. According to Osman (2007) , a modality classifies a concept from a specific view or perspective.
This paper is divided into eight sections. The first section introduces the overall research background and states the problem. The second section reviews relevant literature in the domain of ontology development, identifies gaps and formulates the point of departure for this research work. The third section describes an elevenstep methodology devised to develop the TCA_Onto. The fourth section discusses the development of the tangible capital kernel ontology, and the fifth section explains the development of the detailed tangible capital asset extended ontology. A potential area of application of the TCA_Onto is discussed in the sixth section. The seventh section discusses the evaluation of the TCA_Onto, and conclusions are presented in the eighth section.
Relevant research work in the domain of infrastructure management
Four ontologies in the domain of infrastructure management are of particular importance in this research work. These ontologies are the infrastructure product ontology that represents the infrastructure products (Osman, 2007) ; infrastructure and construction process ontology, representing various processes over the life cycle of projects (El-Gohary, 2008) ; actor ontology, representing diversified actors and the roles they play in the design, construction and management of projects (Zhang and El-Diraby, 2009 ); and Trans_ Dom_Onto, representing transaction domain knowledge (i.e.
transactions, messages, information, transaction channels) . In other related fields, the open-electronic data interchange transaction ontology (ISO, 2006) was developed to support the design and management of commercial transactions (buying/selling). This ontology is an expanded version of the resource event agent ontology (Allen and March, 2006) that was based on an accounting model, resource event actor (McCarthy, 1982) . The three terms refer to the economic resource (money or other financial resource), economic event (the time at which the financial resource is exchanged between the economic agents or actors) and economic agent or actor (the individuals who possess the economic resource). This means something of value needs to be exchanged to accomplish a transaction successfully. The knowledge in the open-electronic data interchange transaction ontology was modelled from three perspectives: financial (the economic resource that needs to be exchanged in a transaction), commercial (covering different types of business markets) and industrial (diversified industries in various geographic locations). The focus of this ontology is on commercial transactions, whereas the emphasis of this research work is on information transactions.
These ontologies do not completely support the design of message templates that are required to be exchanged in the AI&CAR/TCA reporting (information transaction). The infrastructure product ontology does not represent a complete set of infrastructure products, and therefore, it was extended in this research in terms of the TCAs to provide the payload information for the design of message templates for the AI&CAR/TCA reporting. The header information in these message templates, however, was captured from the Trans_Dom_Onto.
According to Gómez-Pérez et al. (2005) , ontologies are built at four levels of abstraction. The upper ontology represents concepts that are same across different industries, for example, project, resource, actor. The domain ontology represents concepts in a specific domain of interest at a higher level of abstraction, for example, transaction, message, transaction mechanism (i.e. transaction channel). The application ontology represents concepts that are specialised for a specific application, for example, road, bridge, pipeline. The user ontology is developed from the perspective of a specific user of an organisation.
The TCA_Onto was developed at two levels of abstraction. First, the TCA kernel ontology was developed representing four key modalities of the TCAs at an abstract level: individual, function, composition and sector asset modality. Second, the kernel ontology was specialised to develop the TCA extended ontology, which represents detailed taxonomies of the TCAs in the facility and four infrastructure sectors: transportation, water, wastewater and solid waste management.
Methodology to develop TCA_Onto
An eleven-step methodology was formulated to build the TCA_ Onto. This methodology was devised based on a number of existing approaches developed by Gruninger and Fox (1995) , Uschold and Gruininger (1996), Fernandez-Lopez et al., (1997) and Noy and McGuinness (2001) . A brief description of each step follows.
(a) Identify motivating scenario: To build the TCA_Onto, a motivating scenario was identified by identifying a set of transactions that have the greatest potential for IT improvement. The AI&CAR/TCA reporting transaction was identified for IT improvement during an IT survey conducted as part of this research work. (b) Define ontology coverage: This step defines the purpose, usability and scope of the TCA_Onto. The purpose of the TCA_Onto was to represent the TCA knowledge explicitly and unambiguously to address three issues: TCA data heterogeneity, lack of consistency in the TCA class descriptions and lack of component-wise aggregation of the TCAs. The usability refers to the uses of the TCA_Onto. In this research work, the TCA_Onto was used to create consistent message templates for the AI&CAR/TCA reporting for further implementation in the AIIS. The scope of the TCA_Onto included the TCA knowledge representation within the domain of facility and infrastructure management, specifically in relation to the four infrastructure sectors: transportation, water, wastewater and solidwaste management sectors. (c) Capture competency questions: According to Gruninger and Fox (1995) , competency questions are a set of questions that the ontology should be able to answer. The competency questions represent requirements of the ontology. For the TCA_Onto, the following five requirements were identified. The TCA_Onto should represent (i) the TCAs within the facility and four infrastructure sectors: transportation, water, wastewater and solidwaste management; (ii) the notion of hierarchical classification of the TCAs, i.e. generalisationspecialisation relationships; (iii) the compositionaggregation relationships of the TCAs; (iv) the attributes and modalities of the TCAs; and (v) the association relationships among diverse TCAs. For each requirement, a set of competency questions was developed that are discussed in the evaluation section. (d) Generate preliminary taxonomy: a preliminary taxonomy of the core TCAs was developed using a 4C approach: capture, compare, categorise and create/generate. The TCA knowledge was captured from the literature, reports and expert's tacit knowledge, which was then compared to remove synonymous concepts. A preliminary categorisation of the TCAs was made based on different modalities that led to the creation of a preliminary, modality-based taxonomy for the TCAs. (e) Reuse and merge existing ontology: Where possible, existing relevant ontologies should be reused while developing a new ontology. In this research work, the existing infrastructure product ontology was extended to produce the TCA_Onto in the domain of infrastructure management. ( f ) Develop TCA kernel ontology: The kernel ontology was developed to represent four modalities of the TCAs at a high level of abstraction: individual, function, composition and sector asset modalities.
(g) Extend TCA kernel ontology: The sector asset modality represented in the kernel ontology was further specialised and extended to develop the TCA extended ontology to represent detailed taxonomies of different TCAs. The generalisationspecialisation, aggregation-composition and association relationships were used to represent and define the TCA knowledge explicitly. (h) Capture ontology: This means the development of soft and hard axioms. An axiom describes a concept unambiguously and places constraints on its interpretation (Osman, 2007) . Soft axioms define a concept in plain English, whereas hard axioms describe it in a formal language (e.g. Ontology Web Language). Soft axioms and three types of hard axioms were defined for the TCA_Onto: disjoint, sub-sumption and property-restriction axioms. (i) Code ontology: This means representing the domain knowledge using a formal language. The TCA_Onto was formally coded in the Ontology Web Language using the Protégé ontology editor. This language was used due to its richness, robustness and widespread acceptance. (j) Evaluate ontology: This involves assessing the content of the ontology with respect to a frame of reference (Gómez-Pérez, 1996) . The purpose of the TCA_Onto evaluation was to determine if the knowledge model of the TCAs was developed correctly (verification) and if the correct knowledge model was developed (validation). A complete description of the TCA_Onto evalution is presented in the evaluation section. (k) Document ontology: This involves writing-up the knowledge for future use. Accordingly, the TCA_Onto was documented to support future re-use.
Development of a modality-based TCA kernel ontology
The TCA_Onto was developed at two levels of abstraction. At the top level, the TCA kernel ontology was developed, which represents a modality-based view of the TCA knowledge at an abstract level, as shown in Figure 1 . At the lower level, the kernel ontology was further specialised to develop the TCA extended ontology. A brief description of the kernel ontology is as follows.
According to El-Gohary (2008) , modality defines 'the characteristics of a concept and denotes its belonging to a particular group or category'. The kernel ontology was developed to capture a lean structure to represent a holistic view of the TCA knowledge, enhance comprehension, ease concept extensions, ease concept navigation and better organise the TCA knowledge. The TCA modality is a meta-modality that classifies the TCAs based on four perspectives (modalities). A brief description of each modality is as follows; however, an explicit definition of each sub-class of the TCA defined by a specific modality is presented in Zeb and Froese (2013 From Osman (2007) , these can be system, sub-system and component levels. For example, in a water supply system, the distribution network is a system-level asset, a water line is a sub-system-level asset and an individual valve is a componentlevel asset. ■ Sector asset modality: This categorises the TCAs based on the infrastructure sector in which they are used.
Development of a modality-based TCA_Onto
This section describes the development of the TCA extended ontology as part of the TCA_Onto development. The specialised version of the kernel ontology represents the extended ontology, which describes the TCA knowledge into much more detail to provide a specific data model to support the design and development of TCA information systems. The extended ontology employed the four modalities defined in the kernel ontology as well as refining some of these modalities further. The extended ontology organised the TCAs according to the individual asset modality (i.e. land, land improvement, building, building improvement, infrastructure, machinery and equipment, vehicle and work-in-progress asset types). This allows assets to be easily identified, managed and reported by their asset type. Furthermore, the extended ontology built upon the kernel ontology's sector asset modality and refined this with significant detail in terms of representing a total number of 345 classes of the TCAs and 1517 axioms (including sub-class of and property restriction axioms). This paper describes different types of the sector asset modality at a very abstract level, as shown in Figure 2 ; however, detailed description of each sub-class of the TCA under each category of the sector asset modality is beyond the scope of this paper.
Sector asset modality
The sector asset modality is further decomposed into two sub-classes: facility sector modality, which classifies the TCAs based on facility type, and infrastructure sector modality, which categorises the TCAs based on their type of discrete and linear infrastructure. The infrastructure sector modality has seven sub-classes: transportation, water, wastewater, solid waste management, gas, electricity and telecom sector modalities. Both facility and infrastructure sector modalities were further specialised and extended to develop detailed taxonomies of different facilities and infrastructure assets within the transportation, water, wastewater and solid waste management sectors. The modality-based taxonomies of the gas, electricity and telecom sector assets were omitted because these assets were represented in detail in the infrastructure product ontology (Osman, 2007) .
Facility sector modality
The TCA_Onto uses the sector asset modality to categorise assets into either facility sector types or infrastructure sector types. The first of these, facility sector modality, classifies the types of facilities that exist in the architecture, engineering, construction and facilities management industries. According to Hawke (2008) , facilities are temporary or permanent structures built to provide services like education, safety, recreation, etc. There are two subclasses: protective services facilities and recreational and cultural facilities. Protective services facilities include police and fireprotection facility assets, whereas the recreational and cultural facilities include park, sport, arena, community center, senior center, heritage, art gallery, performing art, tourist, museum and library facility assets (Hawke, 2008) .
Infrastructure sector modality
The second major category of sector asset types is represented by the infrastructure sector modality. The sub-types of infrastructure types that are refined within the TCA_Onto, described in the following sections, include transportation, water, wastewater and solid waste sector assets.
■ Water sector modality: This classifies water sector (Hawke, 2008) assets into eight main categories: water line, tank, valve chamber (Osman, 2007) , well, reservoir, land, building, Tangible capital asset ontology in infrastructure management Zeb and Froese and machinery and equipment assets. The water line asset was further categorised based on: the hierarchical function a water line performs in a pipe network system, i.e. main line or service line (Osman, 2007) ; and the material (e.g. GI, CI, PVC, etc.) with which a water line is built. ■ Waste water sector modality: This categorises wastewater assets based on two perspectives. The sanitary wastewater modality classifies sanitary wastewater assets into six main classes: sanitary wastewater line, manhole, tank, land, building and machinery and equipment. The storm wastewater modality classifies storm wastewater assets into eight sub-classes: storm wastewater line, culvert, dam, pond, dyke, land, building and machinery and equipment. The sanitary and storm wastewater line was further defined based on the following: (i) the hierarchical (e.g. system level, sub-system level and component level) function these sewers perform in the overall drainage or sewerage system; (ii) the material with which these sewers are constructed; and (iii) the form or shape (e.g. pipe, arch, box and slab) of the sewers. Similary, culverts were classified based on the type of material (concrete, steel, cast iron and plastic) used to construct them and the form or shape (pipe, arch, box and slab culverts) they attain. ■ Transportation sector modality: This classifies transportation sector assets in 14 main categories: road, bridge, tunnel, pathway, shoulder, wall, curb, median, street light, guard rail, land, building, machinery and equipment and vehicle transportation assets. TAC (1999) and AASHTO (2011) categorised road assets based on the function they perform in a road network, the location of roads in relation to the adjacent land use, the material with which road surfaces are constructed and the traffic volume that the roads carry. Similarly, bridge assets were categorised based on the material with which a bridge is constructed, the function a bridge performs, the shape or form and the span length (Ponnuswamy, 2008) . ■ Solid waste sector modality: This classifies solid waste sector assets into four main categories: land, building, machinery and equipment and vehicles.
TCA attribute
The TCA_Onto defines asset attributes as shown in Figure 3 . According to Osman (2007) , an attribute is a characteristic that describes a thing or entity (e.g. an infrastructure product or a TCA).
The infrastructure product ontology (Osman, 2007) defines attributes of the infrastructure products and organises them according to six modalities: physical, perception, domain, change, composition and phase modalities. These attributes are cost, dimension, performance, state of operation, dependency, impact, redundancy, spatial, shape and material. As part of this research work, three additional asset attributes (condition, quantitative and life) were added. The cost attribute was further extended to support the design of message templates for the AI&CAR/TCA reporting.
The condition attribute represents the state of an asset at a specific time. According to Felio (2012) , the condition of an asset is measured from two perspectives: physical condition and capacity condition, both of which are further classified as very good, good, fair, poor or very poor conditions. The definitions of these terms vary with asset 
Application of the TCA_Onto
The TCA_Onto was used to formalise message templates for the AI&CAR/TCA reporting that was identified as one of the transactions that has the greatest potential for IT improvement. In this transaction, different municipalities report their asset inventory and condition assessment information to the provincial government for financial planning and budget allocation. Currently, this transaction is conducted on a manual and ad hoc basis due to heterogeneity of the TCA data compiled in PDF or word formats. The human interpretation of the asset inventory and condition assessment data at the receiver end makes it time consuming and prone to errors. The
TCA_Onto was developed to formalise the AI&CAR/TCA reporting, specifically the message templates, to transform manual reporting to a more formalised computer-to-computer-based exchange of information using the prototype AIIS developed as part of this research. The development of the prototype system is beyond the scope of this paper.
The message templates defined for the AI&CAR/TCA reporting represent two types of information: header and payload information. The header information is the meta-information about the MT, transaction and actor or actor role, as shown in Figure 4 . The header information was captured from the Trans_Dom_Onto developed as part of this research. The header information was represented once in a multiple-view message template defined for the AI&CAR/TCA reporting.
The payload information is the actual information content that the actor roles need to exchange to accomplish a transaction successfully. Figure 5 shows the payload information in the form of a multiple-view message template developed for the AI&CAR/ TCA reporting. The payload information was captured from the TCA_Onto. Tangible capital asset ontology in infrastructure management Zeb and Froese The list of the payload information (i.e. asset inventory and condition assessment information) was too long to be represented in a single view; therefore, it was organised into multiple views for better management of the asset data and ease of navigation. A message view is a web-based interface representing part of the overall payload information. One of the message templates defined for the AI&CAR/TCA reporting has eight views: view 1 represents the header information and payload information related to the facility sector assets, views 2 and 3 represent the transportation sector assets, view 4 captures the water sector assets, views 5 and 6 show the wastewater sector assets, view 7 represents the solid waste management sector assets and view 8 (not shown here) represents the summary of the sectoral costs. A variety of the TCA information was represented in the message templates that made it suitable for different types of municipalities (city, town, district and village municipalities). Different views of the formalised message templates represented in Figure 4 and Figure 5 were created using MS InfoPath, which was implemented in the web-based prototype AIIS shown in Figure 6 .
The proposed system was developed using the SharePoint platform following a four-step methodology. First, a website was created in the SharePoint server in line with a 4C approach: (i) create a virtual directory in the internal information server of the SharePoint, (ii) create a collection site, (iii) create a website and (iv) create web pages. Within the website, a list library was created with the name AI&CAR/TCA message templates to store the TCA reports received from various municipalities. Second, the multiple-view message templates defined for the AI&CAR/TCA reporting were reviewed for errors (i.e. rules associated with each field were checked), and modifications were made accordingly. Third, the TCA reporting workflow was defined and configured. Fourth, different functionalities were added to the system. Figure 6 shows a set of the TCA reports that were received from different municipalities by way of the multiple-view message template defined for the AI&CAR/ TCA reporting. The columns in Figure 6 show the attributes of the TCA reports, which were linked to different fields in the header and payload information sections of the message template specified for the AI&CAR/TCA reporting. Each time a TCA report is submitted, the information in the columns (TCA report attributes) is updated automatically.
Ontology evaluation
According to Gómez-Pérez (2001) , ontology evaluation is carried out from two perspectives: verification and validation. The ontology verification focuses on judging the content of an ontology with respect to specified requirements formulated in a set of competency questions. These are the questions that the ontology should be able to answer. The ontology validation focuses on judging the content of an ontology from a real-world perspective through industry experts. In other words, the ontology verification means the knowledge model is built correctly, whereas the ontology validation means the correct knowledge model is built.
A criteria-based comprehensive framework was devised to evaluate (both verification and validation) the TCA_Onto, as shown in Table 1 . The framework shows the criteria, measures and evaluation tools used to evaluate the TCA_Onto. The criteria used to evaluate the TCA_Onto include consistency, conciseness, completeness (Gómez-Pérez, 1996) , correctness (Guarino, 1998) and clarity (Gruber, 1995; Yu et al., 2007) . Consistency judges the level to which concepts represented in the ontology are consistent, i.e. contradictory conclusion cannot be drawn from the definitions of the concepts. Three measures 
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were used to check the consistency of the TCA_Onto: circulatory error, partition error and semantic inconsistency error. Conciseness judges the level to which the knowledge represented in the ontology is concise, i.e. no redundant concepts are represented in the ontology. The grammatical redundancy error was the measure used to check the conciseness of the TCA_Onto. Completeness judges the level to which a knowledge representation is complete. Completeness is measured in terms of incompleteness in the knowledge representation because no measures are developed as yet to measure the completeness of an ontology (Yu et al., 2007) . Correctness judges accuracy of the knowledge representation from a real-world perspective. The identity error was used to measure the correctness of the TCA_Onto. Clarity indicates the degree to which a knowledge representation is clear and understandable. The class description communication error was used as the measure to evaluate the clarity of the TCA_Onto. 
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Three tools were used to evaluate the ontology: automated Protégé reasoners, competency questions and expert review. The automated Protégé reasoners (Protégé, 2014) are applications built-in to Protégé that can automatically check consistency and conciseness of the knowledge representation. Three reasoners, FaCT++, Pallet and RacerPro 2 were used to verify the class hierarchy represented in the TCA_Onto. The automated reasoners were run to check for inconsistencies in the TCA_Onto. After running the reasoners, an inferred hierarchy was generated that was an automatically generated class hierarchy of the TCAs. The inferred hierarchy shows a super class 'Nothing' that represents all inconsistent classes. In the verification of the TCA_Onto, a set of inconsistent TCA classes was found under the super class 'Nothing' in the inferred hierarchy, which was fixed accordingly. The results indicate that the TCA_ Onto was consistent and concise.
Competency questions are another tool that was used to verify the TCA_Onto. Based on the requirement analysis, a set of five requirements was identified as described previously in the methodology section. For requirement 1, a set of questions was developed (as follows) that the TCA_Onto should be able to answer. (i) Does the ontology represent assets related to the transportation system? (ii) Does the ontology define different types of bridges? (iii) Does the ontology specify water system assets? (iv) Are wastewater system assets identified and defined in the ontology? (v) Does the ontology reflect the TCAs related to solid waste management? (vi) Does the ontology capture different types of facility assets? Moreover, the following four questions represent requirements 2 to 5 respectively: Does the ontology represent the TCA knowledge according to the notion of generalisationspecialisation of concepts? Is the TCA knowledge organised As part of the verification of the TCA_Onto, each of these questions was checked manually to measure semantic inconsistency errors, incomplete concept classification errors and identity errors. Each error was measured in terms of the percentage compliance, defined as the sum of the competency questions in error divided by the total number of competency questions multiplied by 100. The percentage compliance was recorded as full compliance, partial compliance and non-compliance. A full compliance means a competency question is fully error-free; a partial compliance is in-between two extremes, and a non-compliance means a competency question is fully erroneous for a specific measure. The results of the competencyquestion-based verification analysis indicate that the TCA_Onto was 100% free of semantic inconsistency errors. For incomplete concept classification and identity errors, 80% of the competency questions resulted in full compliance, and 20% resulted in partial compliance. The reasoning behind this partial compliance was low prioritisation of the knowledge representation in some sectors, such as facility and solid waste management sectors. In the authors' opinion, these results were considered to indicate a satisfactory performance, since the only area of weakness found was certain areas of low priority scope. A 100% compliance would be achieved if the remaining areas of scope were added.
The TCA_Onto was validated through three experts in the domain of infrastructure management using three criteria: clarity, completeness and correctness. The experts were selected based on three criteria: familiarity with the infrastructure sectors (transportation, water, wastewater and solid waste management sectors); familiarity with data or information modelling; and familiarity with the Public Sector Accounting Board's reporting requirements. Each of the experts had more than 15 years of experience in managing different types of infrastructure systems. They were extremely familiar with different infrastructure systems being owned, operated or managed by municipalities. They were moderately familiar with data or information modelling and TCA reporting under the Public Sector Accounting Board's reporting requirements. A structured questionnaire was used for the TCA_ Onto validation. The questionnaire was composed of six sections. The first section captures the respondent's profile information and the second section contained questions related to the respondent's familiarity with the domain of infrastructure management, data modelling and TCA reporting. The third, fourth and fifth sections contained questions related to clarity, completeness and correctness of the knowledge represented in the TCA_Onto. The sixth section represents the overall assessment of the TCA_Onto. To assess clarity, completeness and correctness of the TCA_Onto, a set of concepts (i.e. TCAs) from the four infrastructure sectors (transportation, water, wastewater and solid waste management) and the facility sector was selected and represented in the questionnaire. The respondents were asked to rate the concepts on a scale of 1 (strongly disagree) to 5 (strongly agree). Each respondent rated each concept represented in the questionnaire, and an average score was calculated, which ranged from 4 (agree) to 5 (strongly agree). The results indicate that all the respondents were in universal agreement on the clarity, completeness and correctness of the knowledge represented in the TCA_Onto.
The results were also tested for statistical significance using the 'analysis of variance two-factor without replication' technique. The analysis was conducted at alpha or 'p' value of 0·05 and 95% confidence level. The results of the statistical analysis are shown in Table 2 . The null hypothesis states that there is no significant difference between the responses of the respondents on the clarity, completeness and correctness of the knowledge represented in the TCA_Onto. For all the three criteria, the value of 'F' is less than 'Fcrit', and the value of 'P' is greater less than 0·05, indicating that the null hypothesis is to be accepted. This means that there is no significant difference between the responses of all the respondents and that there is a universal agreement on the clarity, completeness and correctness of the knowledge represented in the TCA_Onto.
Conclusions
Municipal infrastructure organisations use both computer and paper-based information systems to manage their infrastructure systems. These organisations find it difficult to exchange the TCA data due to the heterogeneity of the TCA data formats, lack of formal descriptions of various classes of the TCAs and lack of component-wise aggregation of the TCAs.
To address these issues, a TCA_Onto was developed at two levels of abstraction. The TCA kernel ontology represents a thin structure of the TCAs at a very abstract level. It has four core modalities of the TCAs: individual, function, composition and sector asset modality. The kernel ontology was further specialised to develop the TCA extended ontology, which represents detailed taxonomies of the TCAs in the facility, and four infrastructure sectors (transportation, water, wastewater and solid waste management).
The TCA_Onto was built using an eleven-step hybrid methodology developed from a combination of existing ontology development approaches. The knowledge represented in the TCA_Onto was organised based on the individual modality that was used to define and formalise message templates for the AI&CAR/TCA reporting. In this reporting, different municipalities send their TCA information to the provincial government for financial planning and budget allocation. A prototype AIIS was developed as part of this research work that collects and analyses the TCA data received from various city, district, town and village municipalities. The formalised message templates were implemented in a prototype system, the development of which is beyond the scope of this paper.
The municipalities own, operate and manage numerous TCAs in various sectors; therefore, multiple-view message templates were defined with each view representing the TCA information in a specific sector. The message template defined for the AI&CAR/TCA reporting was composed of eight views. View 1 represents assets in the facility sector, views 2 and 3 show road and bridge assets in the transportation sector, view 4 captures water sector assets, views 5 and 6 represent wastewater sector assets, view 7 shows solid waste management sector assets and view 8 captures the summary of sectoral costs. The TCA_Onto was verified and validated as part of the ontology evaluation using a criteria-based approach. The results of the ontology evaluation were found to be satisfactory.
